AD-ALO% 453 UNIVERSITY OF CENTRAL FLORIDA ORLANDO ENGINEERING AN==ETC F/6 20/5
LASER MARKSMANSHIP EVALUATION: A UNIVERSAL MATH MODEL AND EXPER=-=ETC(U)
NOV 80 R L PHILLIPS, L C ANDREWS N61339-19-D-01l15
UNCLASSIFIED PM=TRADE~RE=0008-~81

' N.lsx
END
et
10-81
oTIC




A

LEVEL- 72

v

LASER MARKSMANSHIP EVALUATION:
A UNIVERSAL MATH MODEL
AND EXPERIMENTAL VERIFICATION

by

) -
i N Ronald L. Phillips
- Larry C. Andrews
| < C
‘ - of * e
. & % AR A
3 H § ’g £ “;’n a A \Co
< e z i 7 <
A &g ¢
%, § »;3,.1 ]
= % o ¥ oW

PR CH

FINAL REPORT _somorsiammori|

i p o€ :
Approved for pulic I jease ‘
Diatribution U nlimited

PREPARED FOR

U.S. ARMY PROJECT MANAGER FOR TRAINING DEVICES

located at

NAVAL TRAINING EQUIPMENT CENTER (NTEC)
ORLANDO, FLORIDA 32813

by
ENGINEERING AND INDUSTRIAL EXPERIMENT STATION

COLLEGE OF ENGINEERING
UNIVERSITY OF CENTRAL FLORIDA

« o ——— -

NOVEMBER 1980

81 9 21

P Ppd —d i § 4 e v e e i med owed oud oo N N O A B =

189

LR T




DISCLAIMER

The contents of this publication are not to be construed as an official

Department of the Army position, unless so designated by other authorized
documents.

Citation of manufacturer's or trade names does not institute an official
endorsement or approval of the use thereof.

Destroy this report when no longer needed. Do not return it to the
originator.

‘\

ted boed bd berd beod bnd bnd bend  beed Bed ol bond b bed bd  d  bd  d




=

T )
S~ - |

Unclassified
SECURITY CLASSIFITATION OF TS PAGE !“r.:o.l. Entered;
READ INSTR. LT, <
REPORY DOCUMENTATION PAGE BEFORE COMFLETING, | hu
| ' REPDR™ NUMBER 'wu-w’-—-"" 2 GOVY ACCESSION NO{ 3 RECIPIENT'S CATA_TC N vb: &
; wife-o0e-81 )| Ad-[/o¥ 53
& TITLE (end Subritie) - r aq‘vwe OFf REPORT 8 PERCZ CL.ERED
ya .
g . N - . . — rd <
l - Laser [ardascaasai» ovaluation: A Universal | T
' |L_Finel Repart .
Math Model ana Experinental Verificationyg {S—PENFORMING OAC. ;“'3" NovBLR
l 7. AUTNODR() = - 18 CONTRALT QR QRAN® N.MBER 4
/1 N61339-79-D-0105 /
/ R, L./Philli~s and L. C. Andrevs DO 0027
. { B
9 PERFORMING ORGANIZAT.ON NAME AND ADDRESS 10 PROGRAM E.EMENT FRZ_EZ™ Yasse
AREA & WORK UNIT NUMBE RS
{ whgineeriag ¢ Inwastrial Dxperirent Itation
: University of Ceintral Floriua 62727A230
IO, Box 23200, CUrlancgo 32618
VY. CONTROLLING OFFICE NAME AND ADDRESS J/ 112 REPORT DATE.
Research and Engineering Management Div. /"I Movemner, 1982 /
PM TRADE "1 Nyusen of Bacti ]
| Principal Investigator A, Boudreaux 305-646-5771 56 .
! 14 MONITURING AGENCY NKME 8 ADCZRESS'If different from Controlling Office) 18 SECURITY CLASS (cf t*1e teg -1,
Project Manager for Training Devices -~
United States Army y Ry Unclessified
Orlando, FL 32813 S D B pELEASNE RO e anes e
16 DISTRIBUTION STATEMENT (of thta Report)
Approved for public release; distribution unlimited.
17 DISTR.BUTION STATEMENT (of the absrract entered In Block 20, 1! different froc Report)
18. SUPPLEMENTARY NOTES
11
i
8. KEY WORDS (Continue on reveres aide il necessary and identily by blcck number)
Training uevice tecinology Marnsmanship
MILES Atiosgpheric turbulence
: Laser propagation Optical cormunications
4
2 l 20 AQSTRACT (Confinue on reverse eide it necessary and identily by block number)
'3 * The MILES 105 r1 main tank gun transaitter was tested for the potential
of using the system as a marksmanship trainer, The tests were carriec out
l over a 3000 meter range at the Space Shuttle runway at wennedy Space Centoer,
Experimental evidence collecteu in C., lascr experiments show that the
statistical distribution used in the MILL3 development, i.,e., Log-Normal,
' is valid only over shori ranges. At long ranges the Negative Exponential
DD ,"S0%, 1473 €0iTion OF 1 MOV 8313 OBSOLETE -,
JAN T7) s o )
l $/N 0103-054-66011 Unclassified /

7 P SECURITY CLASSIFICATION OF THiS PACE :Won Do o Enrered,
// e // ‘




Unclassified

CLOMITY CLASSIFICETON OF This PAGE When Deta Entered;

20. Abstract (cont'd)

distribution was measurea.

along the entire range up to 3000 meters.

A new universal matn model was developed
whicit accurately uescribed the statistics of the fluctuation laser signal
Using this new universal nodel
the cumrmulative fading was calculateu., This analysis showed that it is
the intermediate ranges which have the greatest facing.

Baseu upon the

experimental eviaence and the math model we conclude that the MILES syste
is not sufficiently accurate for long range gunnery marksmanship training

but that a new Ci laser transmitter and receiver, developed by “T:C in &
parallel project, should meet the requireu accuracy.

—\Unclassified




ACKNOWLEDGEMENT

The authors wish to thank Mr. Madjid Belkerdid, Mr. Sunder Gopani,
and Miss Linda Coulter who all worked long hours on this project. We
are also indebted to Mr. Billie L. Study, Manager of the Space Shuttle
Landing Facility, for his cooperation and help during these experiments

at Kennedy Space Center.




SUMMARY

This document reports on a research project directed by PM TRADEL
and performed jointly by the Engineering and Industrial Experiment
Station of the University of Central Florida (UCF) and the Research
Department of the Naval Training Equipment Center (NTEC). The
project centered on the study of the use of the MILES system as a
marksmanship trainer for long-range tank and anti-tank gunnery.

The study evaluated the MILES 105mm laser transmitter with the

MILES 105mm standard target. During the tests the atmospheric optical
channel was simultaneously monitored by a CW laser propagating parallel
to MILES 105mm beam. The test results show the MILES beam is much

wider than predicted by the analysis in the document MILES A002, June

1980. Also a comparison of the UCF and the NTEC test results show

that the background sun illumination significantly reduces the effective
range.
The study also evaluated the statistical model (Log-Normal distribution)

used as a basis of the MILES design and for prediction of its operational

characteristic. The evidence collected during experiments conducted at
the Space Shuttle runway at Kennedy Space Center shows that the
Log-Normal distribution was valid only up to ranges of about 180 meters.
At long ranges, under conditions of strong atmospheric turbulence, the
Negative Exponential distribution was measured. The UCF team developed
a universal math model which agreed with both the distribution at the
short and long ranges as well as the measured distribution at inter-
mediate ranges. The cumulative fade was then calculated from the
universal math model. The results show that the intermediate ranges

have the largest fading.
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The recommendations for MILES add-ons are: to replace the MILES
detectors with photo-diodes, to replace the transmitter with a high
pulse rate CW laser diode transmitter, and to replace the receiver with
a corresponding phase locked loop or matched filter receiver. These
systems could be made completely compatible with the MILES encoder
and decoder. The threshold of this receiver and the pulse rate can be
set by analysis of the UCF universal math model for the laser propaga-
tion communication channel. The study's results support the conclusion
that the current MILES system is not sufficiently accurate to be used as
a marksmanship gunnery trainer. The analysis supports the contention
that the required accuracy can be obtained by using a high pulse rate
CW laser diode transmitter and the appropriate CW receiver as proposed
by the NTEC research team.

The PM TRADE project director was A. J. Boudreaux. The NTEC

research team leader was A. H. Marshall, and the UCF team head was

R. L. Phillips.
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SECTION 1
INTRODUCTION

This document reports on a project which undertook the evaluation
of the MILES system as a long-range marksmanship gunnery trainer.
The project consisted of measurements on a MILES tank main gun trans-
mitter, analysis of the mathematical models of the laser propagation,
analysis of the MILES receiver binary union decoder, and the develop-
ment of a new CW laser transmitter and receiver which could be used as
an add-on for marksmanship uses of MILES. The project was organized
in two research teams. The University of Central Florida (UCF) team
performed the mathematical analysis and the experimental verification of
the mathematical models of the laser propagation phenomenon upon which
much of the MILES system design is based. The Research Department
of the Naval Training Equipment Center (NTEC) conducted the develop-
ment of the CW laser transmitter and receiver hardware. In addition
both teams took extensive measurements on the MILES tank main gun
simulator.

The MILES system was designed and constructed as a short range
tactical laser weapon fire simulator. It was designed not to simulate the
flight of a particular round, but rather, to simulate the probability of a
kill in an engagement. The "MILES Kkill" may occur because of a success-
ful detection and decode of a MILES code word by any of the MILES
detectors on the target. To ensure kills in a tactical engagement, the
transmitted laser beam was made sufficiently wide to make the kill zone
actually wider than the target. In other words, the weapon can be

aimed at a point actually off the target and a kill could still be obtained.




If MILES is to be used in gunnery marksmanship training, a much
smaller and well-defined kill zone will be required. The kill zone is
defined by an inter-play between the transmitter and receiver character-

istics, but it is the receiver structure which has the dominant effect.

The basic receiver can be divided into three portions — the detector, the

receiver, and the decoder which is used to decipher the MILES codes.
The mathematical model used to describe the laser atmospheric channe]
which served as a basis for their design and performance evaluation of
the decoder and the codes, was the Log-Normal statistic. If any MILLS
add-ons were to be designed, the validity of this model would require
testing. Some of the experiments carried out to investigate the statis-
tics of long-range laser propagation were described in a previous report

[1]. Those experiments were augmented by further experiments con-

ducted in August 1980 at Kennedy Space Center Shuttle Landing Facility.

The results of those investigations are reported in Section III of this
document.

The essence of the long-range detection and decoding problem is
the determination of transmitted MILES code from a random-fading
received signal in the midst of receiver noise. Two techniques widely
used in communication systems to extract a fading signal in the pres-
ence of noise are phase-locked loops and matched active filters. These
two approaches were investigated by the research team at NTEC. Roth
of these receiver types require a CW laser transmitter operating at a
high pulse rate. The required detector for both of these techniques is
a high speed device such as a reversed biased photo-diode or photo-
avalanche diode. The parameters that must be determined, for either

the phase-locked loop or the matched-active filter, are the receiver

.
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threshold and the transmitter pulse repetition frequency (PRF). If

these systems are to be compatible with the MILES encoder and decoder,

the systems must operate at a multiple of the MILES PRF of 3 KHz.

| For instance, if twenty pulses were required by the receiver to acquire
the signal, the necessary PRF would be 60 KHz. Then every time the
MILES encoder commanded the transmitter to send a pulse, correspond-
ing to a MILES code "one", the CW transmitter would transmit twenty
pulses during the same period. The detector would then detect the
signal and the receiver would lock onto the twenty pulses and then
pass a single pulse onto the MILES decoder at the MILES PRY of 3 KHz.
Hence the new CW laser transmitter and detector/receiver would be
"invisible" to the MILES encoder and decoder.

So as to determine the best PRF for the transmitter, the optimum

receiver threshold and the required transmitter beam width, a mathemat-
ical model is required to accurately predict the statistical scattering of
the atmosphere. The required models are the probability density func- ;
tion, the cummulative fading, and the average fade period length. The |
models must be universally accurate at all extended ranges if the system
is to simulate the flight of a particular round as required in marksmanship
gunnery training. ]

Section II reports on the measurements made on the MILES main
tank gun simulator. The atmospheric turbulence conditions and the
background sun were simultaneously monitored and their effects on the
MILES simulator are discussed.

Section 111 develops the universal mathematical model for laser
beam propagation over ranges up to 3 Km. This section also discusses J

the fading time of the scattered laser signal.




SECTION Il
MEASUREMENTS OF THE MILES SYSTEM

Measurements were made on a MILES 105 mm tank main gun laser
transmitter and an armored personnel! carrier (APC) receiver system.
Data was taken on the system on a darkened indoor range and on a

long outdoor range.

EXPERIMENTAL LAYOUT

The indoor tests were made at a range of exactly 100 feet in com-
plete darkness. The MILES 105 mm transmitter was rigidly mounted on a
tripod one meter above the floor. The target was the MILES APC receiver
using only one detector. The other detectors were all taped to prevent
any light leak whatsoever. Initially, the transmitter was aimed directly
at the detector and then moved off center both horizontally and verti-
cally in one-inch steps. At each position the transmitter was fired ten
times. If all ten shots were kills, the transmitter aim point was moved
another inch away from the detector. When one miss was recorded, the
location was noted. The transmitter aim point was moved in each of the
four directions off of the detector as shown in Figure 2-1. These
measurements then established the divergence of the 90% kill zone in the
near field of the transmitter.

The long-range tests were carried out at the Space Shuttle runway
at NASA's Kennedy Space Center. The runway is 16,000 feet long and

150 feet wide and completely level. It is constructed of concrete with

grooves cut across it every inch for the entire length. Hence, the




exact range over which the tests were made was measured very accu-
rately. The area around the runway was cleared of all structures and
all vegetation, except grass, for distances of several hundred feet.
These features of the runway allowed the MILES tests to be conducted
over a completely homogeneous range ensuring the test results would be
repeatable. A schematic of the Space Shuttle runway is shown in
Figure 2-2.

The MILES 105 mm laser transmitter was mounted on an optical rail
along side of a HeNe (wavelength 0.6328 mm) CW laser also mounted on
an optical rail. The two rails were then attached to the head of a tripod
which could be rotated both in the horizontal and vertical planes with
an accuracy of an arc minute. The lasers were pointed down the
length of the runway at a height of 1.3 meters above and level with the
surface.

The MILES APC receiver belt system was mounted on a standard
MILES 105 mm target as described in the Xerox CDRL Item A002, Trainer
Engineering Report for MILES Volume I, June 4, 1980. The APC receiver
belt was attached to the target with five of the six detectors facing up
range, and the sixth detector completely taped as prescribed in Xerox
A002. The entire target was then mounted vertically on the side of a
van at a height of three feet above the runway surface. The target
mounted on the van is shown in Figure 2-3. The target was moved in
one-half meter increments across the MILES 105 mm transmitter beam
and at each new position ten shots were fired. This procedure was
repeated until one shot was missed out of ten shots fired. These
measurements were performed across the beam thereby defining the 90%

kill zone of the beam at that range. The measurements were taken at
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Fig. 2-3. MILES target mounted on side of van during testing o the
105 mm transmitter. The truck in the background housed the Tone
range CW laser receiver used to monitor Lhc optical chamnei.




500 meter increments starting at 500 meters and continuing down range
to 3000 meters.

During the MILES measurements, the background solar illumination
was monitored. Also monitored were the temperature, wind speed, and
wind direction.

The CW laser system parallel to the MILES beam allowed for simul-
taneous measurements of the atmospheric channel through which the
MILES signal was being transmitted. The CW laser signal was measured
at a short-range station and at a long-range station. The short-range
station was located at a fixed position 183 meters from the transmitter.
At this station special electronics sampled the CW laser beam every minute
and calculated the average signal level and the variance of the CW laser
signal fluctuations induced by atmospheric turbulence. The long-range
station was always located down range at the same position as the
MILES receiver target. The laser signal was monitorea at this station
by a MINC-11 computer built by Digital Equipment Corporation. The
MINC-11 computer calculated the first five statistical moments of the
fluctuating CW laser signal. Before the tests of the MILES system
began, the long-range station was placed alongside of the short-range
station. Using the first five statistical moments, it was established that
at 183 meters from the transmitter the short-range station would be
located within the range for which the Log-Normal mathematical model
for the laser scattering would be valid. In this regime only the mean
value and the variance of the fluctuating signal are needed to calculate
the so-called atmospheric turbulence structure constant, C;. This con-

stant is the measure of the strength of the atmospheric turbulence,
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where:

turbulence C: m~2/3
weak < 10715
moderate ~ 10714
strong 2 10712

Hence using the data from the short-range station, the strength of the
turbulence present in the optical channel can be calculated. The homo-
geneity of the Shuttle runway assured the measured C:] at the short-
range station was valid for the entire range. The statistical moments
from the long-range station along with the data from the short-range
station allowed for the complete characterization of the scattering statis-
tics of the CW laser channe]l and thereby the statistics of the parallel
MILES laser communication channel. The experimental layout of the

tests at the Space Shuttle runway are shown in Figure 2-4.

RESULTS

The 90% kill zone for the short-range indoor tests is shown in
Figure 2-1. The near field 90% kill zone has an effective horizontal
divergence of 20 milliradians and a vertical divergence of 14 milliradians
at 100 feet.

The long-range outdoor measurements of the 90% kill zone is shown
in Figure 2-5. The dotted curve shows the predicted 90% kill zone as
depicted in Figure F-16, page F-34, of Xerox A002, Volume I, June 4,
1980. The Xerox curve used for comparison was the 50 Km visibility

curve since there were unlimited visibility conditions during the MILES

11
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2
tests at the Shuttle runway. The turbulence structure constant Cn
. . ~11 .2/3 213 .23 ,
varied only slightly from 10 m to 10 m which means the
2
turbulence remained very strong. The C, was calculated using the
equation

2 2 2
c. = Ln (<I >/<I> )

2.1)
o5k’ L

where <I12>/<I>2 is the normalized second moment obtained from the
measurements of <I2>, and <I> at the short range station for the Cw
laser beam, K = 2n/A (A is the wavelength), and L is the range (183
meters).

During the tests on the MILES system the background sunlight was
monitored. The background measurements were made with a 40X OPTO-
METER from United Detector Technology Inc. The device was calibrated
in lumens/square foot or footcandles. Typically, the sun illuminance on
the MILES target varied from 103 to 7x103 lumens/square foot. The
variation was due to the cloud movements in the partially overcast sky.
The partially overcast sky and the fact that the target was facing
almost south (150° from north) meant that very little of the direct
sunlight was incident on the target. This should be contrasted with
the experimental layout of the MILES tests conducted by NTEC. In
those tests the MILES receiver belt faced almost due west [2]}. Since
those long-range tests were conducted later in the day, the full sun
shown directly onto the target.

The effect of background sunlight on the MILES unbiased solar cell
can be severe. The effects of background illumination has been studied

in an earlier publication of Mallette and Phillips. A reprint of that

13
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publication is enclosed in Appendix D. The effects of temperature on

the MILES detector has also been explored and reported in Reference [b].
The effect of high temperature and especially background illumination

is to reduce the sensitivity of the detector. It is this reduced sensitivity,
due to the greater sun background light, which caused the NTEC tests !
to show an effective 90% Kkill range of only 2,500 meters while the UCF ‘
tests at Kennedy Space Center show an effective 90% range of over

3,000 meters as shown in Figure 2-5. The NTEC experimental results

are shown in Figure 2-6, for comparison.

The UCF measured 90% beam width shows several "bulges" in the
beam. These "bulges" seem to be due to the tri-gaussian nature of the
transmitter beam as described in Xerox A002. The evidence to support
this is that the first "bulge" correspnds to the 90% kill zone divergence
as measured on the 100-foot range. The second bulge occurring at
about 1,500 meters is not as pronounced as the first due to the natural
beam spreading. The "bulge” at the longest range corresponds to the

third gaussian component of the tri-gaussian beam.

DISCUSSION

The data taken in the tests at Kennedy Space Center showed a
much greater range and wider Kkill zone for the MILES system than did
the NTEC test results. This is due to the much lower background sun
illumination of the MILES detectors in the UCF tests.

The UCF tests showed that the beam width varies along the range.
This was due to the inherent shape of the laser diode output beam in
the MILES transmitter. The beam width shows three bulges character-

istic of a tri-gaussian beam shape.

15




(a)

Fig. 2-7. (a). CW laser transmitter used to monitor atmospheric optical s
channel during MILES test. (b). CW laser as seen from down range
from MILES target location.
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[ SECTION 111
UNIVERSAL MODEL FOR TURBULENCE LASER SCATTERING

An accurate universal (valid at all ranges) mathematical model is a
stronger requirement for marksmanship training than for tactical train-
ing due to the small well defined kill zone needed for the marksmanship
trainer. The tactical training weapon fire simulator requires a kill zone
that encompasses the entire target while the marksmanship trainer

requires a kill zone which is only a small portion of the target. Hence,

if a matrix of independent detectors is used on the target, as sug-
gested by Reference [2], this means that only one detector would be
illuminated by any one laser shot. This is contrasted with the MILES
tactical system which may have several detectors illuminated at one shot
and their individual signal outputs summed before the threshold is
encountered. The summed outputs of the multiple MILES detector
reduces the variances of the turbulence-induced laser signal. This
would not be the case for the gunnery marksmanship target. Since
each detector would be independent and have an independent threshold,
the variance of the detected signal will be the same as that of the laser
light itself propagating through the atmospheric turbulence. This
variance will be higher than that in the MILES system.

Also, as pointed out in Section II and in Reference [2], the un-

biased detectors of the MILES system are not adequate for the marks-
manship training due to their loss of sensitivity in the presence of
background sun illumination. To obviate this problem, reversed biased
photo-diodes were suggested. These small photo-diodes are very much

smaller than the MILES one square centimeter solar cell detectors. As a

17




consequence, the averaging effects realized by the large MILES detec-
tors which reduced the fading effects of the turbulence would not occur
in the smaller photo-diodes. This averaging phenomenon had an addi-
tional mitigating effect on the variance of the turbulence-induced fluctu-
ation of the laser signal. 1t is because of lack of these averaging
effects in the required detector for marksmanship that the electrical
signal after detection will be identical to the statistics of the turbulence-
induced laser light fluctuations.

In a previous report [1] a universal mathematical model was con-
structed for laser propagation through turbulence which could be used
for the statistical analysis of laser weapon fire simulators. That mode!
was based upon data gathered during March 1980 through experiments
conducted at Kennedy Space Center's Shuttle Landing Facility. Although
the universal model developed in the earlier report did permit evaluation
of the theoretical statistical moments of the laser beam intensity fluctua-
tions, its functional form did not lend itself to calculations involving the
probability of detection which is the cumulative fade-time. So as to
calculate the cumulative fade time at least at the long ranges, the
so-called K-distribution was used. The data from the March 1980
experiments did show that the K-distribution was a reasonable approxi-
mation to the laser light scattering at the long ranges. It was the
purpose of the present study to refine the earlier proposed universal
math model so that the probabilities of detection for various thresholds

could be calculated. Additional data was obtained during the last days

in August 1980 at the Space Shuttle Landing Facility.




EXPERIMENTAL MEASUREMENTS

The propagation experiments conducted during August 1980 were
the same as the earlier experiments in March 1980 and they are described
in Reference [1]. These new measurements indicate that the data at a
particular range from the transmitter can vary significantly depending
upon the strength of the turbulence, Cr21' The Ci depends upon the air
temperature, time of day, and even time of year. As in the previous
data, we found that the mean-square fluctuations of the laser intensity
normalized with respect to the square of the mean value of the laser
signal reached a maximum value of approximately 6. From this high
value, the normalized mean-square fluctuations decreased to the limiting
value of 2.

Due to the strength of the turbulence during the August measure-
ments, we found that the normalized moments of the laser intensity
fluctuations at ranges of 2,500 - 3,000 meters were close to those of the
negative exponential distribution. The negative exponential has long
been recognized theoretically as the limiting distribution for the inten-
sity fluctuations at very long distances under conditions of very strong
turbulence. We believe this is the first time ever any research team
has obtained data which comes so close to supporting this particular

mathematical theory.

RESULTS
As in the previous report, the first five normalized moments LY

<1>n

, n=1,2,3,4,5 associated with the measured intensity fluctuations
of the optical beam were calculated. In Figure 3-1 we have plotted the

third, fourth, and fifth normalized moments as a function of the second
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Fig. 3-1. Measured values of the normalized third, fourth and fifth
moments obtained during August, 1989 experiments.

20 {




10°
I T | 1 | 1
<™ .
3% n=5
- MARCH, 1980
o 4 ’
10 _ . . .
... . 7]
. .
. n=4
o¢®
J .
10 | K . o -
. ¢« @ : .
. ~. . .
L *
R e .
L4 o« * o
L X} L
2 3
10 .
B . : . n=3 -
* .
.. . ...
-: .. . .: *
e .
0 | 3 .
o . —
* o .
. N
.
1 -
L] :‘
! o
;"
’
74
’
1 1 1 | | |
1 3 4 5 6 7 IO
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moments obtained during March, 1980 experiments.

21




normalized moment <12>/<1>2. The same data as taken in March is
shown in Figure 3-2. In Figure 3-1 the data appears to be

widely dispersed as compared with Figure 3-2. This is partly due to
the fact that there was a lot more fluctuation in the cr21 from minute to
mirute during the August measurements as compared with the March
measurements.

To better understand how the data changes as a function of dis-
tance and strength of turbulence, C;,we have plotted the third normal-
ized moment only as a function of the second normalized moment in
Figures 3-3, and 3-4, illustrating the data at various distances and time
of the day. The temperature is also a big factor in this data. To see
how the data moves as a function of distance and/or structure constant
C; , we have drawn a curve that we believe the data follows. That is
to say, if data at various distances could all be obtained simultancously
for a particular value of the structure constant C%, we believe the
data would move along the lower curve shown as a function of distance
until the normalized second moment, <I2>/<I>?, reached a value near 6
and then as the distance increased even more the data would be dis-
persed along the upper curve approaching the limiting point where
<I12>/<1>2 = 2. Since the actual data obtained was gathered at different
times of the day, the value of the structure constant Cg changed by as
much as two orders of magnitude during this time frame. This accounts
for the fact that the data taken in August at 500 meters, which was
taken from 2:15 p.m. to 2:51 p.m., appears to be closer to the limiting
value <I?>/<I>2 = 2 than does the data at 1,000 meters which was taken
from 4:29 p.m. to 4:56 p.m. Similarly, the data at 2,500 meters was

taken from 2:32 p.m. to 3:08 p.m. while the data at 3,000 meters was
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Fig. 3-3. Measured values of the normalized third moment obtained
during March, 1980 experiments. The curve indicates movement
of the data as a function of distance and/or structure constant.
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taken from 4:13 p.m. to 4:43 p.m. Thus we were actually closer to the
limiting value <I?>/<I>2 = 2 at 2,500 meters than we were at 3,000
meters. The time of day and temperature are very important factors,
therefore, in determining the strength of the turbulence as well as the
distance. During the August measurements, the value of the structure

-2/3

2 ) .13 .23 _11
constant Cn varied from 10 m to 10 m . The values

correspond to conditions of very strong turbulence.

UNIVERSAL MATH MODEL
Relying on arguments similar to those given in Section V of Refer-
ence [1], we assume the received field is composed of two principal compo-

nents — the specular component resulting from the forward scattering

by the large eddies along the propagation axis and the diffuse component

caused by multiple scattering by the off-axis eddies. Thus the received

field is mathematically represented by
U(t) = (Ae'® + Rel?) et (3.1)

where the first term corresponds to the specular component and the
second term the diffuse component.

Over short propagation paths the field U(t) consists primarily of
the specular component. Many arguments have been presented to
suggest that the amplitude A of this specular component satisfies Log-
Normal statistics. There is an abundance of data to support this assump-
tion, including our own short-range data obtained during March and
August experiments [1]. However, over longer propagation paths it is

not clear what statistics the amplitude A will satisfy since the amplitude
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of the field will consist of both specular and diffuse components rather
than the specular component alone. In our previous model we made the
assumption that A remained Log-Normal for all propagation path lengths.
From a modeling standpoint this assumption limits some of the flexibility
of the model to fit the experimental data. We now believe that it is
more meaningful to assume that A is associated with a more general
distribution than the Log-~Normal distribution, but one which exhibits
the characteristics of the Log-Normal distribution at least over short
propagation path lengths. That is to say, the distribution should
contain certain parameters that can be selected from comparisons with
experimental data and which have the effect of changing the character-
istics of the probability distribution as the parameters change. A

general distribution of this type is the m-distribution defined by

S M7 AT -MAZ/c g (3.2
where ¢ = <A2> is the average of the intensity A2 and M is the primary
parameter that controls the characteristics of the distribution. The
function T(.) is the gamma function ([3], pp. 253-294).

For large values of M, the m-distribution behaves like a Log-
Normal distribution (see Appendix A), for M = % it is Gaussian in
functional form, while for M = 1 it becomes the well-known Rayleigh
distribution. Hence the m-distribution seems appropriate here because

of the close relationship it bears to the standard distributions associated

with communication theory.
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/
/
The amplitude R 7ff the diffuse component is also assumed to be

m-distributed, i.e., |
|
m'_2m-1 2
p(R) = Z_RT__ ,-mR /b (3.3)
'lm) b

This is the same assumption we previously made in Reference [1] and
the reasons for it are likewise stated there. Also as before, we assume
that both phase angles © and ¢ are uniformly distributed, and finally

that all random variables are independent.

A. Development of the PDF:

Our previous development of the PDF given in Reference [1] lead
to an expression that was difficult to use for numerical calcalations of
the cumulative distribution function. The present development, although
similar in nature, leads to a simpler functional form from which calcula-

tions can be more easily obtained. The intensity of the field (3.1) is

I = |U{) |2 = A2 + R2 + 2AR cos (#-0). (3.4)

Following the technique outlined in [1], the PDF is determined from the

relation
@0
p(I) =% /z C(2) I, (1 2) dz (3.5)
where % ®
C(2) = /p(A) J,(A2Z) dA/ P(R) J (Rz) dR. (3.6)
0 0

The function ]0 (.) is the standard Bessel function of zero order ([3],

pp. 355-434). The evaluation of these integrals, which is given in

insallin




Appendix B, leads to the infinite series representation

. ) B r (3.7).
_mli(m) -ml/b (-1) L, (mI 2 : Y rM + ) (rm/M)!
P = promy © Z kT k(“}3> (’) T(m -k + )
k=0 j=0

where
<k> - k!
1 \ - [}
) ) 1) (3.8)

is the binomial coefficient and Lk denotes the Laguerre polynomials [3].

The paramter r appearing in (3.7) is the power ratio of the spec-
ular to diffuse components, i.e.,

r = c/b. (3.9

Over short propagation path lengths the parameter r is very large and
monotomically decreases to zero as the strength of the turbulence in-
creases and the path length increases. In fact, the limiting form of
(3.7) is obtained by letting r » 0 and m » 1, which leads to

p(1) = %3 e /P, (3.10)

This limiting form is the negative exponential distribution which has

been strongly supported by reasearchers over the years.

B. Theoretical Moments:

The statistical moments of the intensity 1 are computed from the

expression

a0

as = f ™ p)dl, n=1,2,... (3.11)

(4]




from which we get (see Appendix C)

n

n b\" M2 rom o+ k X k ;
afs = (_> E (k) )I(m +n -k (rm) (3.12)
m r(M) T(m) ™M
k=0

For purposes of comparing the theoretical moments with those obtained
from experimental data it is necessary to normalize them. This we do

by first setting n=1 to find the mean

<I> = b(1 + ), (3.13)

and then dividing (3.12) by <I>".  This action results in the expression

n

n, . e k

g = 1 2: (n) Mook 3 T (3.14)
n n k n

<I> (1+r) s

where we have introduced the notation

b = <R%> _ r(m + k) (3.15)
K RSB mk rm)
and
‘3. = <A2k> - T(M + k) (3.16)
K 2.k

s MK ron

Eq. (3.14) has the same functional form as Eq. (5.19) in Reference

[1). The primary distinction is that the normalized moments ay of the
specular component and now associated with the m-distribution rather
than the Log-Normal distribution. H

In order to match the theoretical moments (3.14) with actual data

obtained from field experiments, we have to appropriately select three

parameters: m, M and r. We do this in such a way that the first two

normalized moments of I match the data identically and the third moment
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Fig. 3-5. Parameters of the m-distributions associated with the
diffuse and specular components of the laser beam as a function
of the normalized variance.
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3-6. Measured values of the normalized third, feurth and fifth
moments obtained during March, 1980 experiments and compared with
values expected from the universal model.
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Fig. 3-7. Measured values of the normalized third, fourth and fifth
moments obtained during August, 1980 experiments and compared with
values expected from the universal model.
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is then matched by some "best fit" criterion.

The parameters m and M as a function of the normalized variance
012 that appeared to give the best visual fit to the data are graphed in
Figure 3-5. The remaining parameter r is then calculated from the

formula

r=2-x*y(az*pp -4 x+4- ax
X - az !

(3.17)

where a, =1+ 1/M, po =1 + 1/m and x = <I12>/<I>2. Eq. (3.17) is
equivalent to Eq. (5.24) in [1]. The resulting theoretical curves along
with the data obtained in March and August, respectively, are shown in
Figures 3-6 and 3-7.

The three parameters m, M and r of our theoretical model have
been tied to the normalized variance cJI2 as suggested above. The vari-
ance as a function of the parameter By = (0.5 Cr21 k"/6 L“/G)l‘z, where
C121 is the structure constant, k is the wave number of the optical
beam, and L is the path length, is shown in Figure 3-8 for the actual
data obtained in August. The data is widely scattered, as discovered
also by other researchers, so that a single curve drawn through the
data does not seem feasible at this time. The dashed curves that we
have drawn suggest possible upper and lower bounds for the normalized

variance as a function of Bo-

C. Cumulative Distribution:

To derive the cumulative distribution function from which the
fading probabilities (and hence, the detection probabilities) can be

computed, we first normalize the density function (3.7) so that the
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mean value is unity. Thus by introducing the normalized variable y =

1/<1>, we see that (3.7) becomes

= k
- (1 +r)mf(m) e'(l +r)my 1

r(Mm) k!
k=0

p(y) L [(1 + 1) my]

k
k\? o j
: TM +j)  (rm/M) (3.18)
x Z<)) T(m + ] - k)
j=0

The probability of detection Py is then defined by

0

Py = /p(y) dy (3.19)

T

for a specified threshold value T = Ip/1 where I is the mean value of

ol
intensity. Through application of the integral formula ([4], p. 844)
o0
/e"‘ L, (x) dx = e™Y [L (y) - L -1(¥)] (3.20)

y
we immediately find that

a0
Py e'2{1 + Lim Z (1'(17;( [Ly(2) - Ly 4 (2)]
k=1

k
k>2 : j
x A M+ j) (rm/M) (3.2
ZO <] F'm +j - k) }
j=
where
2=(1+r)mT. (3.22)

The probability of fade Pd is therefore
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The fade and detection probabilities associated with long-range
propagation paths for which 012 = 1.5 are shown in Figure 3-9 for the
universal math model described here as well as similar curves predicted
by the Log-Normal and K-distribution models. For low threshold values
we find the Log-Normal model predicting a much higher probability of
detection than our universal model, while the K-distribution gives
cumulative probabilities that closely resemble the universal math model
as we previously suggested in Reference [1]. As the variance de-
creases for longer ranges to the limit value o; = 1, we have found that
the K-distribution curves approach those predicted by the negative
exponential model in a manner similar to our universal model. In Figure
3-10 we have shown how this limiting cumulative distribution curve
(depicted by the dashed curve) is approached for decreasing variance
(corresponding to increased path lengths) from a value of of = 3.5 to
0; = 1.

For variances such that of > 1.5 at long distances the K-distribution
deviates more strongly from the cumulative distribution curves predicted
by the universal math model. For that reason we do not believe the
K-distribution represents a good model for these values of the variance
which correspond to more intermediate path lengths and conditions of
turbulence.

For short ranges and thresholds such that T 2 0.4 we find little
distinction between the cumulative probability curves as predicted by
the Log-Normal model and the universal model. However, for lower
threshold values the log-normal model predicts a higher probability of
detection than does the universal model. Some representative curves of
the universal model for the cumulative probabilities are shown in Figure

3-11 corresponding to variances of 012 = 0.5, 1.0, 2.5,
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SECTION 1V
CONCLUSIONS

The MILES system was designed as a tactical weapon fire simulator.
The Kkill zone was tailored to have a shape so as to have an approximate
kill probability equal to the kill probability of a particular weapon
engaging a particular target. To do this the beam was made wide
enough to illuminate several detectors for any well-aimed shot. In some

instances, the entire target would be illuminated by the laser beam.

The output of each of the illuminated detectors was summed and then discrim-
inated against a fixed threshold. There was no attempt to simulate the

hit of a round on any particular location on the target. The tested

MILES system as currently configured would make a very poor gunnery
marksmanship trainer. The following list of recommendations are pro-

posed as MILES add-on which would allow the MILES system to be used

as a marksmanship trainer.

RECOMMENDATIONS

1. Replace MILES solar cell detectors with reversed biased photo-
diodes.

2. Replace MILES detector belts with a matrix of independent detec-
tors each with its own pre-amplifier and discriminator threshold.
The MILES pre-amplifier and discriminator can be retained.

3. Retain the MILES decoder box, but one must be used for each

detector.
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4. Replace MILES laser transmitter with transmitter with much smaller

beam divergence and more beam uniformity. This will ensure a

single narrow gaussian beam as opposed to the wide MILES tri-gaussian

beam.
5. Retain the MILES encoder which is used to drive the transmitter

with standard MILES codes.

1f these recommendations are implemented, the following questions would
require answers:

a. What should be the transmitter power?

b. What should be the transmitter beam divergence?

c. What should be the photo-diode detector spacing on the

target?

To begin to answer these system design questions, the receiver struc-
ture must be defined and the atmospheric optical communication channel
statistics must be modelled. The NTEC research team proposed a CW
laser transmitter operating at a high PRF and a phase-locked loop or a
matched filter receiver. The NTEC receivers and CW laser high PRF
transmitter also requires a knowledge of the optical communication
channel statistics so that the pulse rate of the transmitter can be set
and the optimum threshold of the receiver can be established.

The statistical model developed by the UCF research team estab-
lished the statistical moments and the cummulative fading as a function
of the threshold setting of the discriminator. The following observa-
tions can be made about the statistical model of the optical communica-

tion channel:




1. The measured long range statistics were Negative Exponential as
shown in Equation 3-10. This is the first time this statistic has

ever been measured although it has been theoretically predicted

for some ten years.

2. The developed math model matches the Log-Normal statistic at
short ranges and the asymptotic long-range Negative Exponential i
statistic.

3. The intermediate ranges have the lowest probability of detection or

rather the greatest cummulative fading.

4. The detection probability gets better at the very long ranges.

5. The amount of scattering can vary considerably at a fixed range.
For example at 2,000 meters the detection probability may be at
one value and then when the scattering gets stronger the detection
probability may actually improve. Conversely, if the scattering
would weaken, it is possible the detection probability may actually
get worse.

6. The threshold setting of the receiver should be determined using

the worst case using intermediate range statistics.

The system parameters can be set using the math model developed
here, but to set the PRF of the proposed NTEC CW laser transmitter,
the average length of fade time needs to be determined. This math
model was not part of this project, but if the development of the pro-
posed NTEC system continues, that math model must be constructed.
The m-distribution used in the analysis would form the basis for the
math model of the average fade period as a function of the receiver

threshold.

h2
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The combined UCF and NTEC study suggests that the Cw laser
high PRF transmitter and receiver be developed as MILES add-ons for
long-range gunnery marksmanship training. To set the parameters of
that CW laser system, a math model for the average fade period would

be required.
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APPENDIX A

LOG-NORMAL APPROXIMATION TO THE m-DISTRIBUTION

The m-distribution

M 1 wnz
M . AZM-1 -MAZ/c (A-1)
r(M)c

p(A) =

for large values of the parameter M, can be closely approximated by the

Log-Normal distribution. To see how this comes about, we start by intro-

ducing the change of variables

(A-2)

so that (A-1) becomes

M
P(x) ='%%M) e exp(-Me™). (A-3)

Under the assumption that x < <1 (i.e., A? < < ¢), we can use the
approximation

e¥ =1+ x+ Y x?

in (A-3) from which we get

M
M~ @M% exp[-M(1 + x + 4x2)]

11

p(x)

M M
e exp(-Mx2/2). (A-D

H
-
g
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Now returning to the original variable by use of (A-2), we see that
M -M
p(A) = ng(ﬁ;A— exp[7M (log A? - log c>2]. (A-5)
Finally, we invoke Stirling's formula (13], p. 257)

- 21
rom) ~e MMM 7R, Mo

from which we deduce

n

p(A) (2M/m)® exp[——gi < Jog N log c)z]

A

or equivalently

2
p(A) = 1 exp -(log A - % log ¢) (A-6)
V2n A gy 2 opy*

2
where we have set M = 1/0LN. Clearly, Eq. (A-6) is the Log-Normal

distribution.
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l APPENDIX B
DERIVATION OF THE PDF

From Eq. (5.6) in Reference [1], we have

fp(R) ]O(Rz) dR = ;Fy(m; 1; -bz%/4m) (B-1)
[\
where ;F;(a; b; c¢) is the confluent hypergeometric function ({3}, pp.

503-536). Similarly we find
00

/p(A) ]O(AZ) dz = ;F,(M; 1; - cz%/4M) (B-2)
0

so that Eq. (3.6) in Section III leads to the result
C(z) = ;F{(M; 1; - c22/4M) ;F;(m; 1, -bz2/4m) (B-3)

Next we employ Kummer's transtormation ({3], p. 505)

lFl(a; b; 'X) = e-x lFl(b -3, b, X)

JFiM; 1; - c22/4M) (F1(1 - m; 1; bz?/4m), (B-4)
and finally we use the formula ({5], p. 187)

1Fi1(a; c; px) 1Fa(@"; ¢ gx)

(@), (px)
- La) PX) Fp(a', 1-c-k, -k;c',1-a-%; -a/p)
k! chk
k=0
where {

@, = r(ra;k), k =0,1,2,...
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is the Pochhammer symbol and sF,(a,b,c; d,e; X) is a generalized

hypergeometric function, to obtain

haid k
Z (1 - m), (bz2/4m)
C(Z) = e'b22/4m k(k')2 (B_s)

k=0
X 3F2(M, 'k, ‘k; 1, m - k, Cm/bM)

The substitution of (B-5) into the integral
o0

p(I) = % /zC(Z) J,(T2) dz (B-6)
0
and the subsequent interchange of integration with summation, together

with the integral formula ([4], p. 718)

@

%2 _ -
/e X x2n+1 ]O(Zx Jz) dx = n! e ? Ln(z),
0

leads to the expression

[- o]
p(1) = ‘rg oml/b Z a - 'm)k L, (ml/b) (B-7)
k=0 '

X3F2(M, 'k, -k; 1, m- k; cm/bM)

Replacing 3F,(; ;) with its series representation and simplifying, we

finally get Eq. (3-7).
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APPENDIX C

DERIVATION OF THE THEORETICAL MOMENTS

Starting with the equation
[ ]

< = fl“ pdydl, n=1,2,...., (C-1)
]
where p(I) is given by (3.7), and employing the integral formula ({4],

p. 844)

[ <]
/e‘S‘ tP L (D) dt = T(p + 1) sSB*r D pn g41:1; 1/5)
0
we find

ad
(m) Z DX nt PGk, n+1:1; 1)

!

=0

« 20 (1) rep
]

j=0

em/m), (c-2)

-
3
+
t

where F(a,b; c; x) is the hypergeometric function. Using the relation

(131, p. 556)

F(a,b; ¢; 1) =TI(c) T(c -a -Db)
I'(c - a) I'(c - b)

we find in our case

F(-k, n+1;1;1) = ];-((li-»«% r(-n)

¥ nikin -0, ks
o , k>n (C-3)
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and therefore (C-2) becomes

(C-4)

n k .
o =)' Z Z (n)2 T(m) T(M + §) (rm/MY
m n-KIGHZ I -DITETM T(m +j - k)
k=0 §=0

Eq. (C-4) has the functional form

n n k
n. _fb . ,
as = (rn) z : Z : cek, §) (C-5)
k=0  §=0

so that making the chang. of indices p = k - j we have

n n-j
n
P = (g) Z E cp + i, i
j=0 p=0

or
n .
ans = (Y’ Z (n1)2 T(M + j) (rm/M)
m riM) (GH* (n - P!
j=0
n-j
% (n - ! T'(m)
(n-p-P'r(m-p)pH*
p=0

However, the second series in (C-6) reduces to

n-j n-1

2: (n - j)! r(m) i} ZJ Q-my Gn*dy gp

s (n-p-NH'(m-p) (pH? (Mp P!
p=0

F(1-m, -n+j;1;1)

T(m+n - j , (C-7) '

r(m) T(n - j+1)




-

‘ and substituting this expression into (C-6) gives the final result

n
) 3 O] o hifsn=2 (3)
m ) DT (m) M .
j=0
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Modeling solar cells for use as optical detectors:

background illumination effects

Leo A. Mallette and Ronald L. Phillips

Solar cells have traditionally been used for direct sunlight to energy conversion, but there has been relativels
little investigation into their use as a low data rate optical detector. This paper presents an experimenta)
procedure used to determine the ac model of a specific solar cell. A lumped circuit model and geverning
equations are developed. Open circuit responses to pulses are used to determine values for the internal
capacitances as a function of background illumination. Possible problems encountered with noise genera

tion are also reviewed.

Introduction

List of Symbols

1 terminal current into solar cell,

1 light generated current internal to cell,
ky constant coefficient associated with (g,
k, constant coefficient associated with C,.
v terminal voltage of cell,

Vi, diffusion or built-in potential,
T4 time constant associated with both Cg and ('),

7 time constant associated with C,. and
7, lifetime of minority carriers.
General

The photovoltaic effect was first observed by Bec-
querel in 1839, and over 100 yr later, it was observed by
Ohl in a silicon p-n junction.! Modern manufacturing
techniques have made low-cost silicon solar cells readily
available. Availability of the material and price have
prompted investigation into their use in areas other
than direct sunlight to energy conversion; however, the
feasibility of using a solar cell as a low data rate optical
detector has been investigated by relatively few re-
searchers.2? In order to predict the response of a solar
cell, the transfer function or the equivalent circuit must
be known. In this paper an earlier model” is assumed,
the individual elements are explained, the governing
equations are given, and a method to fit numbers to the
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equations is developed. This paper assumes a constant
temperature of 300 K; variation with temperature will
be presented in a later paper.

Model

A solar cell is a p—n junction with part of it : surface
exposed to the environment. A diode and current
generator in parailel can be used as a rough approxi-
mation for a solar cell model. All diodes have an in-
herent series resistance R and shunt resistance Ry, -
and incorporating these yields an excellent approxi-
mation to the dc model of the solar cell. The cell cur-
rent is proportional to the incident power by the spectral
responsivity constant R;,? and is given by

I'=~1,+ lydexpl=g(\" = [R<}/nkT] ~ 1
+(V = IRV/Rsn tamperes). (1

For practical purposes, Shirland? defined R< and Ry
in terms of the solar cell volt-ampere (V'-1) character-
istics as follows:

Ry is the reciprocal of the slope of the
V-lcurveat ] =0 (amperest. (1

Rsn is the reciprocal of the slope of the
V-Tcurveat V=0 (voltar h

The remaining unknown element in the model (Fig. 1)
is the diode, which can be characterized by three term-:
(a) the junction resistance r, (b) the junction capaci-
tance C,, and (¢} the diffusion capacitance Cy.

The junction resistance, usually called the dvnamic
resistance, is defined as the reciprocal of the slope of the
V-1 curve and is given by"

kT
rel expl—qVp/nkT) (ohms) (4
gla
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-

r —-'~Cj —-rcd R"

Fig. 1. Transient (ac) model of a solar cell.

41

() Ny
<v

IO WITHOUT LIGHT
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Fig. 2. Volt-ampere characteristics for photovoltaic cell with and
without background illumination.

The junction capacitance is defined" as the incremental
charge increase dg of fixed. unneutralized donors or
acceptors per incremental voltage change di and is
gi\.en b).Fy.T.Z‘

C,=k,/(Vy, — VpH Y (farads). (3

The diffusion capacitance term ('  is a result of the
photoinjected electron-hole pairs. On either side of the
junction, pairs of majority and minority carriers are
generated whenever a photon is absorbed. The addi-
tion of majority carriers is negligible, but there is a
highly noticeable increase in the percentage of minority
carriers. These carriers will either recombine with
majority carriers or diffuse to the junction and drift to
the opposite side of the junction where they become
majority carriers. The lifetime of the minority carrier
is defined as 7,5 and the diffusion capacitance can be
shown to be*

Cq = 1p/r (farads), (6)

where r is defined by Eq. (4).
Since 7, is a constant, Cg can be shown to be®

Cyq = kg exptaVp) (farads). (0
Experimental Procedure

Resistances

Two V-1 characteristics of the solar cell, shown in Fig.
2, are measured using a commercially available curve

tracer. The reciprocal of the slope of the V' ] curve,
measured in the presence of background light and
evaluated at points 4 (/-axis intercept) and K (1 . axi-
intercept), vields the shunt and series resistances, re.
spectivelv.! Thix curve is similar to the no-light curve,
but translated down by I, = (V' = IRG/R <y amperes,
and translated to the right by IR¢ volts. Note- these
V-I characteristics are for the entire solar cell and not
for the internal diode.

The internal diode current and voltage are ypiven
by

“l:= \.—IR_\ tvolts). =
and
In=1- 1V = IR\ Ky tamperes) .

The data points of the V'-/ curve can be corrected using
Eqgs. (8) and (9) to supply the V7, = I}, curve of the
diode. These corrected data points are fitted 10 the
equation?

I = Ltexpia Vi = 1 (amperes: 1o

The dvnamic resistance r is obtained by taking the
reciprocal of the derivative of Eq. {101, or via Eqy. (41,
noting that a of Eq. (10 is ¢/nkT.

Junction Capacitance

Saltsman?® used the circuit of Fig. 3 to determine the
junction capacitance by measuring the impulse response
of the cell for various values of dc bias. The bias resistor
Ry was chosen so that Ry « Ry « Ry, R, and
were chosen to provide ac coupling. to keep the peak
value of the impulse small. and to have a long time
constant. The cell voltage V', as obse:ved on an oscil-
loscope. is a decaving exponential superposed on the d¢
bias. which is generated by the background illumina-
tion. The decay time constant 7, will vary a< a function
of temperature and background illumination. The
decay time constant is given by*

1.2 ReCo isec) I

The decay time constant can be determined from the
cell voltage V' as observed on an oscilloscope.

Cc
L —
|
RC RB
rF=1"9
' 1 SOLAR
l I CELL
[ ]
PULSE Va
GEN +

Fig. 3. Test circuit used to determine junction capacitanee of th
solar cell
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Fig. 4. Methad to determine built-in voltage V4, and constant k,.

Dividing 7, by Rp vields the junction capacitance for
various values of reverse bias voltage. These values of
capacitance must be fitted to Eq. (5). One methed is
to assume a value for v and plot the experimental data
points as shown in Fig. 4. If the value for 4 was cor-
rectly chosen, the points will form a straight line: oth-
erwise, a different value of ¥ must be chosen.® The line
connecting the experimentally measured points may be
extended to the Vy, axis. The built-in potential can be
read off the graph. since the Vp)-axis intercept is at (V,,
= Vp) = 0. Similarly, the constant coefficient &, can
be determined from the 1/C>-axis intercept.

Diftusion Capacitance

The authors developed a method?® to determine the
diffusion capacitance using a narrow-pulse laser and a
source of controllable background illumination. The
background illumination generates a dc current I, and
hence a voltage V') across the diode. The two lasers!®
coimpinged on the face of the solar cell, and the open
circuit decay time constant was measured as well as the
dc output voltage. The magnitude of the pulse had to
be kept small, compared with the background illumi-
nation, in order that it not significantly perturb the cell
by itself. Due to background illumination, the time
constant will be a function of both the junction capac-
itance and the diffusion capacitance, and it is given
by

r,=[m:1—m—)+i—;+%] (C, + Cq) (sec). (12)
The 1/{Rs + R.) term is negligible because of the
method of open circuit measurement (coupling directly
to an oscilloscope). The other terms in Eq. (12) have
been previously determined and are either constants or
functions of V.11 A graph of r4 vs output voltage will
yield a family of monotonically decreasing functions
from V = 0 volts to V = V. The junction capacitance
dominates at the lower voltages, and (as shown below)
noise dominates at the higher voltages. Since kg is the
only unknown in Eq. (12), one point will uniquely de-
termine its value, Theoretically this is sufficient, but
the authors have found that fitting an entire set of
measurements will eliminate random errors.
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Noise Generation

Because of internal resistance, physical size. exposure
to the environment, and the quantum mechani~m ot
operation, solar cells are subject to nearly every known
noise identified to date' In considering the SNR. six
noises the reader should be aware of are™1-

(a} Johnson noise. Also called Nvquist, resistance.
or thermal noise.

(b) Temperature noise shifts the spectral response
toward the ir as temperature increases.

(¢) Modulation noise. Also called excess or .}
noise.

(d) Generation-recombination (G-R) noise. The
variation can be caused by the random arrival of pho-
tons from the background illumination. For this case.
the noise is also called photon, radiation, or background
noise.

(e) Shot noise is due to the discrete nature of the
current. The total current of the unbiased cell i~
comprised of minute current pulses produced by the
individual electron-hole pairs being generated. Thi-
noise was intense when the cell was exposed to high
levels of background illumination.

(f) 60-Hz noise is the modulation of the background
illumination by 60 Hz and its harmonics.

Summary

A general model for a solar cell was developed u~ing
lumped resistors and capacitors. The resistances are
determined from the V-I characteristics of the cell.
The junction and diffusion capacitances are determined
by observing the decay time constant of electrical and
optical impulses, respectively. The method should he
applied in the same chronological order as this paper.
isolating the ac and optical effects. then relea~ing the
ac isolation requirement to measure the junction ca-
pacitance, and finally the optical isolation requirement
to calculate the diffusion capacitance. Changing the
background illumination will cause significant variation
in the value of r and hence may wreak havoc on any
form of digital signal processing equipment in the de-
tection system.

The authors thank W. A. Kownacki for his many
valuable suggestions. Funding for this project was
provided by the U.S. Army project manager for training
devices.
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